dbstract. mis paper continues the description of an isothermal titration calorimeter already outlined in the previous paper. We have determined its thermal parameters and report here on the performance of the calorimeter and the method of measuring via electrical compensation of the thermal effect. We have also calculated the effective volume of the reaction vessel and the heat of stirring of the reaction mixture in the vessel, and of injecting water into water. Finally, correct working of the calorimeter has been tested by a dilution experiment of a saccharose solution.
Introduction
In the previous paper (El Harrous er ol 1994) we described the structure ofa small-volume (approximately 200 pl), high-sensitivity (approximately 5 pJ), isothermal titration microcalorimeter, composed of twin reaction cells and designed especially for studying biochemical reactions. In this paper we go on to detail how this microcalorimeter functions.
Calorimeters can be divided into two main groups (Spink and Wadso 1976): adiabatic and heat conduction; our microcalorimeter belongs to the latter group. In a perfectly designed adiabatic calorimeter no heat exchange takes place between the physical environment in which the process occurs and its surroundings. In a heat-conduction calorimeter, on the other hand, there is a quantifiable transference of heat between the experimental environment (in our case the reaction vessel) and the space surrounding it (referred to here as the heat sink). Ideally this heat sink has an infinite heat capacity and thus the temperature of the reaction cell is the same at the beginning and end of the process. Generally, in a conduction calorimeter the heat is measured from a magnitude proportional to the flow of heat between the physical environment in which the process takes place and the surrounding sink.
In practice, correct working of a heat-conduction calorimeter depends on the assumption that the calorimeter follows Newton's law of cooling (McGlashan 1979) (1)
0957-0233/94/091071+07 $19.50 0 1994 IOP Publishing Ltd which states that the heat flow between the reaction cell and the heat sink is directly proportional to the difference in temperature between them. In the above equation Q stands for heat, f for time, 6 for the temperature of the reaction cell and Rs for that of the heat sink; K' is a proportionality constant, which can be considered as a thermal conductivity, with units energy degree-' time-'. As far as our microcalorimeter in particular is concerned, conduction between the reaction cell and the heat sink takes place via a thermopile and so it can be regarded as a thermopile heat-conduction microcalorimeter.
When the difference in temperature between the faces of the thermopile is sufficiently small, the voltage it produces is directly proportional to the difference in the above-mentioned temperature (the Seebeck effect). Thus, for a difference in temperature of 0 -6 , between the reaction cell and the heat sink the voltage of the thennopile can be expressed as
where E is the proportionality constant. Incorporating this equation into equation (I), we get
where the proportionality constant K may also be considered as being a thermal conductivity of units energy voltage-' time-'. If we integrate the above equation, we are left with Q = -K 6 : ' Vdr.
(4)
Thus, in thermopile heat-conduction calorimeters, the thermal effect is evaluated by measuring their voltage. If we use the basic equation (3) then we are measuring the power of the process, while, if we use equation (4), we are measuring the heat produced during the process, which is what we do with the calorimeter described here.
To measure the thermal effect with equation (4) it is first necessary to know the thermal conductivity value of the microcalorimeter. Furthermore, the integration time, t 2 -t , , is related to the time constant of the instrument, which is the ratio between its heat capacity and the thermal conductivity. We shall first explain the determination of these two parameters, which are characteristic of the microcalorimeter, and then go on to describe the electrical compensation method for measuring the heat that considerably shortens the time ( t z -t , ) needed to carry out a measurement. Finally, we shall describe how the microcalorimeter works, controlled by a computer, and test its functioning with a dilution experiment of a saccharose solution. In figure [(a) we show the response of the microcalorimeter when a current of a certain intensity is passed through the heater (resistance R = 100 0) of the reaction cell for a sufficient period of time. It can be seen how the voltage in the thermopile reaches a steady state, which represents a situation in which the heat flowing through it from the cell to the heat sink is equal to the power applied to the reaction cell via the heater. At this moment the first term of equation (3) is given precisely by this power and thus the ratio between this power and the voltage of the thermopile constitutes the thermal conductivity, K , across the thermopile in our system. We repeated the same experiment for powers of between 0.25 and 1600 pW (figure l(b)). In figure l(b) we have shown the logarithms of the power and voltage values, due to the fact that the power applied, and thus the measured voltages, covered a range of various orders of magnitude. The ratio between the two magnitudes was always the same and the value arrived at for K in this series of experiments at 25 "C was 2.80 i 0.04 J s-' V-' (0.04 J s-' V-' i s the standard error). This result confirms that Newton's law of cooling is obeyed in our microcalorimeter within the range of powers studied. It must be borne in mind that our instrument is intended to measure heats corresponding to powers way below the upper limit used in the experiment.
It can be shown (Calvet and Prat 1963) that the rising and decreasing parts of the voltage versus time graph in figure 1 (a) can be approximated by exponentials in which the time constant is the quotient between the heat capacity of the reaction vessel (or more strictly, the reaction vessel and the copper capsule in which it is embedded (El Harrous el a/ 1994)) and the thermal conductivity across the thermopile. The units of this From its slope we can determine a time constant of 94 s and from the product of this latter value and the thermal conductivity already determined we get a value of 263 J V-' for the heat capacity of the reaction cell. All these parameters were re-checked in the same way at other temperatures between 15 and 35 'C without any significant variations appearing.
Method of measurement
In figure2(a) we show the signal produced by the microcalorimeter on injecting HC1 for 10 s into a larger quantity of NaOH. The reaction mixture was stirred for 45 s, calculated from the beginning of the injection. The injection is represented by the rectangle of dots, which symbolizes it as a constant communication of chemical power (the height of the rectangle, which will be in this case 12.1 pW) for 10 s. Measurement ofthe heat involved in the process from the signal V versus f is made by . vessel the power from the heater changes to keep the difference in temperature constant. If the process is exothermal then the power should fall, whilst if it is endothermal, it will rise. In an ideal situation, in which the difference in temperature remains constant throughout the experiment, the heat is measured by integrating the change in power supplied to the heater with time.
In a real situation, however, part of the thermal effect induces heat conduction through the thermopile, which must also be evaluated; in this case by integrating the changes in voltage in the thermopile with time. The way this method works can be seen graphically in figure 2(6).
The power, LY,, is applied through the heater and we calculate it by dividing the maximum heat to be expected during the injection of a reagent (qm,,) by the time taken for the injection (approximately 20s if the quantity injected is 10 yl). This power requires a determined current intensity, I,. Just as in the experiment shown in figure l(a), the voltage in the thermopile reaches a stationary state, V,, corresponding to a constant temperature difference between the reaction cell and the heat sink. Let us now presume that a chemical reaction begins in the reaction cell at time 0 (once again an injection of HCl into a larger quantity of NaOH). As in figure 2(a), in figure 2(&) this reaction is symbolized by a broken rectangle, which represents the communication of a constant chemical power to the reaction cell for 10 s, with stirring for 45 s. In this case the chemical power was 13.2pW, a value very close to that used in the experiment described in figure 2(a) , and thus, if the electrical compensation is not applied in the experiment described in figure 2(b) . then we should expect the graph Nevertheless, in this case the heat is measured by applying the electrical compensation in the following way. From time 0 the voltage in the thermopile is measintegrating it and multiplying the result by the thermal conductivity, K, in accordance with equation (4). This integration is carried out numerically by the program controlling the experiment. It can be seen from the graph that the time difference t2 -t , for the integration is at least 10 min. bearing in mind that it is necessary to have adequately long base lines both before and after the signal for their extrapolation (in order to obtain the base line in the numerical integration) to he correct. In general, in any thermopile heat-conduction calorimeter, it is accepted that the time taken to make a measurement should be about seven or eight times the time constant of the system, in our case around 12 min. During a complete titration, in which at least Len injections would be made, the experiment would take at least 2 h. This time can be shortened considerably if we use an electrical compensation method of measuring the thermal effect. Using this method (McKinnon et a/ 1984), a determined power WO is applied to the heater of the reaction cell in such a way as to create a stationary temperature difference between the cell and the heat sink. In the face of any thermal effect in the reaction ured every second, thus obtaining voltage values, 1/. Depending on V, the intensity through the heater is modified during the following second according to the equation
which indicates that the current through the heater ( I , or the corresponding power, W ) is modified by a quantity proportional to the difference between the measured ( V ) and base line (Vo) voltages, G being the proportionality factor. This proportionality factor changes for each titration, depending upon the maximum heat expected for the injection, qman, according to the empirical formula figures 2(a) and (b) , it can be seen that the time needed for measuring in the experiment in figure 2(b) is almost ten times less than in the previous experiment. This leads to a considerable shortening in time spent on a complete calorimetric titration. As a normal operating routine, 90 s is devoted to each measurement and 3 min from the beginning of the injection of a reagent into the reaction cell to the beginning of the following measurement. Thus a titration involving ten injections will take some 30 min.
The heat measured via the graph of V versus t in the experiment in figure 2(b) is 10.5 pJ, approximately 8% of the total heat produced by the chemical reaction being studied. In general this method fails to compensate for between 5% and 10% of the total thermal effect, whatever its magnitude.
Finally, it should be said that this electrical compensation methodology has been adjusted in a totally empirical fashion. The determination of the initial power (WO) on the basis of the maximum heat expected during an injection, the modification of the intensity of the current across the heater according to equation ( 5 ) . and the evaluation of factor G in equation ( 5 ) via formula (6) have all been arrived at by a process of approximation. We have found no alternative way that might allow us to compensate electrically for more than 95% of the thermal effect without the system making buffered oscillations.
Description of the control program
The whole process of the electrical compensation system that we have described above, together with integration of the signals to obtain the magnitude of the heat produced, are carried out automatically by a HewlettPackard HP85 computer, which controls the experiment (El Harrous et nl 1994).
The essential aspects of the program are shown in the flow chart in figure 3 . The first values to be introduced into the program are the four basic parameters of the experiment: the volume of the titrant to be injected, 11; the maximum heat expected during the injection, qmU; the time during which beat measurement will take place, t , which will normally be 90 s; and the number of events, N , to be carried out (stirring only, stirring plus injection, base line noise). Following this the nanovoltmeter, power source and injection and stirring motors are switched on and the current intensity I, is transmitted from the source to the heater in the reaction cell.
After waiting for the base line of the microcalorimeter to attain a stable value, V, , the data acquisition subrout- This process is repeated for each of the planned events. The measurement time for an event is 90 s and the next event could be started immediately thereafter. We usually wait another 90 s before starting the next event.
The working of the microcalorimeter
With the above explanation of the automatic programming of the experiment the description of the working of the microcalorimeter is almost complete. Let us take, for example, titration of a macromolecule with a ligand. The procedure would be the following. Firstly, 0.5 ml of a solution of the macromolecule is put into the reaction cell and we wait until the system reaches equilibrium that is, the base line of the instrument returns to its original position. The time needed to return to equilibrium depends on the difference between the temperature of the solution put into the reaction cell and the working temperature of the microcalorimeter. If we try to ensure that both temperatures are similar then the time required to reach equilibrium should be around 30-45 min. The syringe is then filled with the solution of the ligand and put in place, waiting another 20 min for the system to return to equilibrium once more. The reaction vessel, which is the physical space in which the titration takes place, has a volume of some 200 pl; nevertheless, we need 0.5 ml of macromolecule solution in the reaction cell so as to make sure that the ligand solution in the injection tube coming from the syringe balances thermally with the solution in the reaction cell. Furthermore, in this way we avoid causing excessive noise in the base line as the extra 0.3 ml covers the glass tube above the reaction vessel, avoiding its exposure to air. The system goes on to carry out the programmed successive injections of the ligand solution into the macromolecule solution. As we have already said, one injection usually takes place every 3min and the time taken to inject 10 p1 is 20 s. At the same time as injection begins, so too does stirring of the mixture in the reaction vessel (170 rpm) by the slightly bent end of the glass tube through which the ligand is injected from the syringe. As has also been mentioned above, this stirring takes place for 45 
Stirring and injection heats of water into water
Heat produced by stimng the reaction vessel and by injection of one solution into another always forms part of any process followed in the microcalorimeter. The average values for ten stirrings of the reaction vessel and ten injections of water into water with simultaneous stirring are set out in the third and fourth columns of table 1. Both are exothermic processes: for the first we obtain an absolute mean value of around I pJ and for the second, 12 pJ. In our previous paper (El Harrous et al 1994) we established from a simple observation of the base line a stirring heat below the sensitivity of the instrument itself(5 pJ) and we see that the heat measured (7 pJ) is only marginally above that value. The value of 12 pJ for injection of 10 p . l of water into water is slightly higher than expected but we still regard it as a good result.
In the first and second columns of table 1 we show the values obtained by applying the measurement methodology explained above to the base line of the instrument when no process is taking place inside the reaction vessel. As is to be expected, the average value of ten measurements is close to zero. The standard error of around 3 pJ can he taken as being due to base line noise and is perfectly compatible with the sensitivity of 5 pJ that we have assigned to the instrument.
The basic mixing process
A scheme of the basic mixing process that occurs in the microcalorimeter after an injection, i, can be seen in When a reaction with a high association constant is studied in the microcalorimeter aU the titrant reagent that enters into the reaction vessel reacts completely with the reagent to he titrated until this latter is completely used up, that is until the equivalence point is reached. A calorimetric titration curve in this case, in which the heat measured for each injection is represented, will he composed of a horizontal sector followed by a sharp fall to zero. It can he shown that the ratio between the heat measured upon injection, when the point of equivalence is reached, qk, and the heat measured at the prior injection, qk-I, is related to the initial reagent concentrations and the dilution factor via the equation
This equation allows us to calculate the reaction volume as long as the first term, the injection volume, E, the concentration of the titrant in the syringe, and the initial concentration of the reagent to be titrated in the reaction vessel are known precisely.
The result of an experiment designed to titrate HCI with NaOH is shown in figure5 According to the criteria set out above, we have been able to determine an effective volume of the reaction vessel, V., of 203 PI for this experiment, From a propagation-of-errors analysis the standard error for this value is about 4 PI, with a dispersion of about 3%, the agreement between our values and his is highly acceptable. Calculation of the expected values for subsequent injections from the apparent relative molar enthalpy was made taking into account the basic mixing process shown in figure 3 and in accordance with the expression qi= PL2(4)[LliK -aLz(mi-I)CLli-1(
as the apparent relative molar enthalpy corresponds to infinite dilution of the saccharose solution from the specified concentration. The [L] terms are the molar concentrations of saccharose, which are calculated for each injection from equation (8), and from which the corresponding molalities for calculation of pL2 are obtained.
Finally, a comment must be made about the values for the first injection, which are below those to be expected, as can be seen for the experiments in figures 5 and 6. This is due to diffusion of the titrating reagent from the end of the injection tube during the time taken to equilibrate the microcalorimeter before beginning the titration. Nevertheless, as there is only a lapse of 3 min between injections during the titration, this diffusion can be regarded as negligible and the rest of the titration points are not affected by it. Consequently, in analyses of the experiments we ignore the values for the first injection .
